ABSTRACT: Metabolic analysis of single cells to uncover cellular heterogeneity and metabolic noise is limited by the available tools. In this study, we demonstrate the utility of capillary microsampling electrospray ionization mass spectrometry with ion mobility separation for nontargeted analysis of single cells. On the basis of accurate mass measurements and collision cross-section determination, a large number of chemical species, 22 metabolites and 54 lipids, were identified. To assess the cellular response to metabolic modulators, the adenylate energy charge (AEC) levels for control and rotenone treated cells were evaluated. A significant reduction in the AEC values was observed for rotenone treated cells. For the cells under oxidative stress, the mean value for the [reduced glutathione (GSH)]/[oxidized glutathione (GSSG)] ratio was significantly decreased, whereas the distribution of the [uridine diphosphate N-acetylhexosamine (UDP-HexNAc)]/[uridine diphosphate hexose (UDP-hexose)] ratio exhibited dramatic tailing to higher values. Lipid turnover rates were studied by pulsechase experiments at the single cell level.
H eterogeneity of gene expression (mRNA) levels and cellular protein content is known to be common in isogenic cell populations. This variability is thought to be the result of stochastic gene expression and the low copy numbers of the corresponding chemical species in a single cell. 1, 2 In turn, the cellular metabolite levels can also show large variations. Although these cell-to-cell variations are known to exist, most biochemical experiments are conducted on a large population level (millions of cells) obscuring the underlying heterogeneity and sometimes misidentifying population averages. 3, 4 Recent efforts to biochemically characterize individual cells have shown promising results in transcriptomics 5−7 and proteomics. 8−10 Beyond the general correlation between stochastic levels of mRNA and proteins, it was observed that the variability of protein levels depended on their functions. 8 For example, the proteins that respond to environmental changes exhibit larger variations than those responsible for protein synthesis. Thus, chemical analysis at a single cell level promises new insight into cellular dynamics, phenotypic variations, and the response of small cell populations to drug treatment.
The emerging field of single cell metabolomics can correlate cellular functions and physiological states. 11−14 However, identifying and quantitating a large variety of metabolites and characterizing the related metabolic noise at the single cell level is challenging due to the small sample size, fast metabolic turnover rates, dramatically wide range of concentrations, and diverse molecular structures. 13, 15 Recent reviews have thoroughly summarized the analytical advances in exploring single cell metabolomics. 16−19 Several powerful techniques, such as fluorescence microscopy 20 and stimulated Raman scattering microscopy, 21 only allow the targeted analysis of preidentified metabolites. With high sensitivity and structural elucidation capabilities, secondary ion mass spectrometry (MS) and matrix-assisted laser desorption ionization (MALDI) MS are applied for cellular and subcellular analysis of chemical species under vacuum conditions. 22, 23 Heterogeneity in metabolites and energy charge of microbial cells has recently been explored by MALDI-MS. 24 Nanostructure-initiator mass spectrometry (NIMS), a matrixfree laser desorption ionization method, has also been used to analyze single cancer cells. 25, 26 Currently, there is an increasing interest in combining cell micromanipulation techniques with MS for single cell analysis under ambient conditions. 27−31 Recently, we have introduced capillary microsampling combined with electrospray ionization (ESI) and ion mobility separation (IMS) followed by MS for the metabolic analysis of single Arabidopsis thaliana epidermal cells with enhanced molecular coverage. 32 However, an adherent human cell often exhibits a factor of 50−1000 lower volume than a plant cell, which makes it more challenging to obtain meaningful biological information from an individual human cell. For example, a typical human hepatocyte has a volume of <1 pL.
With the help of IMS, the signal-to-noise ratio can be enhanced by elimination of phosphate buffered saline (PBS) interference and other chemical noise. Collision cross sections (CCSs), derived from IMS measurements, can provide structural information on the ions and facilitate metabolite identification with enhanced confidence. 33, 34 Stable isotope labeling, especially pulse-chase analysis, in combination with MS is often used to follow the fluxes of isotopically labeled compounds through metabolic networks within large cell populations or a multicellular organism. It helps to reconstruct incomplete metabolic networks and determine the turnover rates for specific chemical species. 35 However, in heterogeneous cell populations, the rates of metabolite and lipid turnover can vary for different subpopulations. Pulse-chase analysis at the single cell level can provide new insight into the variability of turnover rates associated with subpopulation heterogeneity.
Here, we apply capillary microsampling ESI-IMS-MS for the metabolic analysis of single human hepatocellular carcinoma cells (HepG2/C3A) and for the characterization of metabolic noise and cellular heterogeneity. Cellular physiological states, such as the energy charge and redox states, and their inherent metabolic noise levels were also characterized in cells treated by xenobiotics. Stable isotope labeling pulse-chase experiments combined with ESI-IMS-MS were performed for the analysis of lipid turnover rates in single cells.
■ MATERIALS AND METHODS
Chemicals. HPLC grade methanol and chloroform, dimethylsulfoxide (DMSO) (D8418, molecular biology grade, ≥99.9% purity), 98% deuterated choline chloride-(trimethyld 9 ) (492051), rotenone (45656, analytical grade), hydrogen peroxide (H 2 O 2 ) solution (516813), adenosine triphosphate (ATP) (A2383, ≥99% purity), reduced glutathione (GSH) (G4251, premium quality, ≥98% purity), oxidized glutathione (GSSG) (G4376, premium quality, ≥98% purity), and PBS (P5368, molecular biology grade) were purchased from SigmaAldrich (St. Louis, MO), whereas acetic acid (≥99.0% purity) was obtained from Fluka (Seelze, Germany). Short oligomers, 3 ≤ n ≤ 13, of poly-DL-alanine (P9003) from Sigma-Aldrich (St. Louis, MO), with an oligomer size distribution mainly in the 14 ≤ n ≤ 70 repeat unit range, were used as calibrant in the CCS measurements. One pouch of the PBS was dissolved in 1.0 L of deionized water (18.2 MΩ·cm) to yield the 1× PBS solution used as a stock solution. Rotenone stock solution at a concentration of 1.0 mM was prepared in DMSO solvent. Choline-d 9 was dissolved in PBS solution to reach a final concentration of 10.0 mM. All chemicals were used without further purification.
Cell Culture. Human hepatocytes (HepG2/C3A) were purchased from ATCC (CRL-10741, Manassas, VA). Cells were maintained in Eagle's Minimum Essential Medium (ATCC, Manassas, VA) supplemented with 10% fetal bovine serum and 1% penicillin−streptomycin (Invitrogen, Grand Island, NY) at 37°C and 5% CO 2 in a humidity controlled incubator (HERAcell 150i, Thermo Scientific, Waltham, MA). Viable cell numbers were determined using an automated cell counter (Countess, Invitrogen, Grand Island, NY) with trypan blue staining to reject the dead cells in the counting. Cells were seeded in 35 mm culture dishes (Corning, Tewksbury, MA) at an initial density of 2 × 10 5 cells/mL and raised for 12−16 h before experiments. This resulted in a cell density significantly below confluence, so individual cells could be easily identified and sampled.
To remove the medium that could cause interferences in the mass spectra, the cells were washed three times by the 0.5× PBS buffer (pH = 7.4) before single cell sampling. To study the effect of rotenone treatment, cells were exposed for 5 h to media containing 1.0 μM rotenone and compared to cells exposed only to the 0.1% DMSO vehicle as a control. For the Figure 1 . Schematic representation of experimental setup for single cell analysis using capillary microsampling ESI-IMS-MS. A pulled capillary held by the micromanipulator is inserted into an adherent hepatocyte (HepG2/C3A) observed through an inverted microscope. The corresponding microscope image is shown in the inset (scale bar is 10 μm). Cell content is extracted by a syringe connected to the capillary. The capillary is backfilled with electrospray solution, and the assembly is placed in front of the mass spectrometer inlet. A platinum wire is inserted into the solution, and high voltage is applied to produce an electrospray. The ions generated from the cell content are separated by the IMS system according to their DT and analyzed by the mass spectrometer. A separate DT vs m/z plot is produced for every cell. pulse-chase experiments, cells were cultured in a 35 mm dish with the medium containing 40 μM choline-d 9 for 36 h (pulse phase). After 36 h, the cells were washed three times by 0.5× PBS and fresh unlabeled medium was added to the dish to initiate the chase phase. Single cell analysis was performed at three time points (0, 24, and 48 h) during the chase phase.
Analytical Chemistry
Single Cell Sampling. Thin-wall filamented glass capillary stock (TW100F-3, World Precision Instruments, Sarasota, FL) was selected because it tends to produce larger tip openings that are suitable for mammalian cell sampling. Capillaries were pulled by a micropipette puller (P-1000, Sutter Instrument, Novato, CA) with a box filament (FB255B, Sutter Instrument, Novato, CA) using a two-step pulling program as follows. The step 1 settings were Heat = 574, Pull = 95, Velocity = 40, and Delay = 170, whereas the step 2 parameters were Heat = 564, Pull = 90, Velocity = 70, and Delay = 120 at Pressure = 500. These settings were optimized to produce capillaries with short tapering and an ∼1 μm opening. After installation of a new heating filament in the pipet puller, the parameter settings for heating, pulling, velocity, and delay time had to be reestablished for producing optimal capillaries.
Cell sampling was performed using a motorized micromanipulator (TransferMan NK2, Eppendorf, Hauppauge, NY) mounted on an inverted microscope (IX71, Olympus, Tokyo, Japan). A schematic representation of the cell sampling setup is shown in Figure 1 . A capillary holder (IM-H1, Narishige, Tokyo, Japan) with the pulled capillary was mounted on the micromanipulator at 45°relative to the culture dish surface. During sampling, the capillary was carefully lowered to approach the cells of interest. As the tip was immersed into the PBS buffer, some of the solution entered into it due to capillary action. This small amount of PBS produced interfering background peaks during MS analysis. A syringe connected to the capillary holder was used to apply negative pressure to extract the cell contents into the tip. The estimated volume of the sampled cell content was ∼0.1 pL. With experience and practice, analyzing a single cell takes ∼5 min; i.e., ∼80 cells can be studied in ∼8 h. However, due to the complexity of the sampling and the limited success rate of producing a viable electrospray, a more realistic figure is ∼50 cells/day.
ESI-IMS-MS and CCS Determinations. The electrospray solution consisted of a methanol/chloroform (2:1, v/v) mixture supplemented by acetic acid to reach a final concentration of 0.1% (v/v). Analysis of large plant cells by ESI-IMS-MS has been described previously. 32 Briefly, after cell sampling, the capillary was filled from the back end with 1 μL of electrospray solution without displacing the cell sample from the front, i.e., the air had to come out through the back. Backfilling was performed by a pipet through a microloader tip (Cat. No. 930001007, Eppendorf, Hauppauge, NY), and then, the capillary was attached to an electrode holder (H-12-S, Narishige, Tokyo, Japan). A platinum wire (Alfa Aesar, Ward Hill, MA) of 100 μm in diameter and ∼5 cm in length was placed in the capillary from the back until it came in contact with the solution. The assembly was fixed at ∼5 mm away from the orifice of a quadrupole time-of-flight (TOF) mass spectrometer equipped with a traveling wave IMS system (Synapt G2-S, Waters Co., Milford, MA) (see Figure 1) . A negative voltage of −2000 V was applied to the wire by a high voltage power supply (PS350, Stanford Research Systems, Inc., Sunnyvale, CA). The produced ions from cell contents were sampled by the mass spectrometer orifice and initially retained by the IMS system, where they were separated on the basis of their CCS through interactions with the drift gas. After IMS separation, the ions were further analyzed by the TOF mass spectrometer according to their mass-to-charge ratio (m/z). Nitrogen gas was supplied as the drift gas at a flow rate of 90 mL/min and a pressure of 3.25 mbar. The traveling waveform moved with a velocity of 650 m/s and had an amplitude of 40 V. The enhanced duty cycle (EDC) delay coefficient was found to be 1.41.
To distinguish and identify isobaric ions, time aligned parallel (TAP) fragmentation was performed. After the precursor ions at a particular m/z were selected by the quadrupole analyzer, they entered the IMS unit. Following separation by IMS, the isobaric ions with different drift times (DT) were fragmented by collision induced dissociation in the transfer cell. The fragmented species were resolved by the mass spectrometer according to their m/z but remained aligned with their precursor ions with respect to their DT.
Calibration of the instrument for the determination of CCS values was performed every day before the single cell experiments. For calibration, poly-DL-alanine was dissolved in 50% methanol supplemented with 0.1% acetic acid to reach a final concentration of 0.1 g/L. Singly charged poly-DL-alanine oligomers, produced by ESI, were used as the calibrant. The corresponding CCS values were found in previous publications (see Table S1 ). 33 Calibration curves with an R 2 ≥ 0.99 were used for the determination of CCS values for unknown ions from single cell experiments. DriftScope 2.8 (Waters Co., Milford, MA) software was used to generate the calibration file from poly-DL-alanine data and apply automatic CCS calibration to the DT data.
Cell Lysis. To confirm the identification of chemical species and the levels of metabolite abundance ratios in single cells, metabolite and lipid extraction was performed from large cell populations following a previously published protocol. 36 Briefly, cells grown on a 60 mm dish (Corning, Tewksbury, MA) were placed in a dry ice/ethanol bath and quenched with 400 μL of methanol at −20°C followed by 400 μL of ice cold HPLC water. The bottom of the dish was scraped by a cell scrapper to produce a cell suspension. The cells were mechanically disrupted via a syringe with a 30-gauge needle. The cell lysate was transferred into a 2 mL vial containing 400 μL of chloroform and centrifuged at 14 000g for 10 min at 4°C (Thermo Fisher Scientific, Bremen, Germany) to produce three phases. The top phase contained the polar metabolites in the methanol solution; the bottom phase contained the nonpolar metabolites, and the lipids in the chloroform and the interphase contained the macromolecules from the cells. After transferring the top phase into another vial, the contents of both vials were dried by a vacuum concentrator (Labconco, Kansas City, MO). Before ESI-IMS-MS analysis, the polar and nonpolar cell extracts were reconstituted to 20 μL each in methanol and chloroform, respectively, and further diluted by the electrospray solution (2:1 v/v methanol/chloroform with 0.1% acetic acid).
Data Analysis. For each single cell measurement, a raw data set with ion abundances as a function of DT and m/z was collected. The DriftScope 2.8 software (Waters Co., Milford, MA) was used for visualizing the three-dimensional data sets. To reject isobaric interferences and chemical noise, different regions of the DT vs m/z plot can be selected and exported to the MassLynx 4.1 module (Waters Co., Milford, MA) for further processing of the corresponding enhanced mass spectra.
The assignments of metabolite and lipid ions from single cell analysis were based on the combination of their accurate mass
Article values (with a mass accuracy of ±15 mDa) and the CCS measurements (with an accuracy of ±5 Å 2 ) (see Tables S2 and  S3 ). To confirm the assignments, lysates of large cell populations were studied by tandem MS of the ESI generated ions through collision induced dissociation at 20−40 eV collision energies.
The NIST Isotope Calculator (ISOFORM, Version 1.02) was used to derive the calculated monoisotopic masses and visualize the isotope distribution patterns. Metabolomic and lipidomic databases, including Human Metabolome Database (http://www.hmdb.ca/), METLIN metabolite database (https://metlin.scripps.edu/), and LIPID MAPS (http:// www.lipidmaps.org/), were searched to find metabolite and lipid candidates, respectively, with the mass window of 20 mDa.
■ RESULTS AND DISCUSSION
Metabolic Analysis of Single Human Hepatocytes by Capillary Microsampling ESI-IMS-MS. In each single cell measurement, the DT vs m/z plot was extracted for the first 3 to 5 s of the electrospray to obtain cell specific information on the metabolite and lipid ions. In Figure 2 , the red dots in a representative DT vs m/z plot show the signal corresponding to ∼100 to ∼200 metabolite and lipid ions from a single cell. Due to their higher m/z and CCS characteristics, lipids are separated from metabolites in the DT vs m/z plot. Mass spectra from these two domains are shown in the insets of Figure 2 . The ionic CCS values along with the accurate masses assisted in the metabolite and lipid identification. For further structural elucidation, tandem MS was performed on ions from a single cell or cell lysis samples. An example of the tandem mass spectra is shown in Figure S1 . Ultimately, 22 metabolite and 54 lipid ions were identified from single cell spectra in negative ion mode (see Tables S2 and S3 ). The CCS measurements showed high reproducibility (relative standard deviation (RSD) < 3%) and good accuracy (ΔCCS < ±5 Å 2 ). The reference values for CCS were either found in the literature 33, 34 or measured using chemical standards.
In Table S2 , most of the assigned metabolites fall in the chemical compound classes of amino acids, e.g., glutamic acid, nucleotides, e.g., ATP, and nucleotide sugars, e.g., UDP-hexose. All the detected lipid ions in Table S3 can be assigned to the lipid classes of sphingomyelin (SM), phosphatidylcholine (PC), phosphatidic acid (PA), phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylinositol (PI). To explore the structural features of the detected lipids, a plot of CCS as a function of m/z was generated on the basis of single cell data (see Figure S2) . The results showed that the species with a differing number of double bonds within a lipid class were grouped together. Interestingly, the CCS values increased with the decreasing numbers of double bonds. The lipid classes in Figure S2 were partially separated and followed different trend lines. The latter could facilitate the assignment of unknown ions in complex sample analysis. For example, [ To avoid the potential bias resulting from sampling different volumes, we only characterized the ratios of ion abundances, , was found to be 2.42 ± 0.63. Because of the uncertainty of the sampled volume, it is not possible to convert the ion abundances into absolute concentrations. To perform absolute quantitation would require the introduction of internal or external standards at known concentrations. In positive ion mode, a few PC lipids were detected and identified in single cells (see Table S4 ).
Separation and Identification of Isobaric Ions from Single Cells by Time Aligned Parallel (TAP) Fragmentation. Although the ESI signal from a cell was only available for a few seconds, efficient separation by IMS was achieved within 10 ms, enabling the differentiation of isobaric ions. For example, Figure 3A shows a zoomed DT vs m/z plot with two groups of ions separated by their DT, i.e., 7.6 ms < DT 1 < 7.9 and 7.1 ms < DT 2 < 7.5 ms. The isobaric ions indicated by the red dots at nominal m/z 764, 766, and 768 are connected by white dashed lines. The mass spectra extracted from the DT 1 and DT 2 regions showed distinct m/z values and intensity patterns (see Figure 3B) . To identify the isobaric ions with nominal m/z 766, TAP fragmentation was performed after their separation by IMS. The DTs of the selected isobars and their fragments were very close to each other. The corresponding DT vs m/z plot is shown in Figure 3C with the detected isobars a and b and their fragments marked by blue dots. The dissimilar tandem mass spectra generated from the regions framed by red and blue rectangles indicate a clear distinction of the two isobars (see Figure 3D ). According to the fragmentation patterns, isobar a was identified as [PC (16: In addition, IMS also helped to separate the PBS interference and electrospray background from the metabolite and lipid ions in single cells (see Figure S3A ). Figure S3B shows that, with the help of IMS, the background noise is reduced and the signal-tonoise ratio is improved for detection of the GSSG ion with m/z 611.134. In Figure S3C , an enhanced mass spectrum for the PC lipid ions is generated by eliminating the PBS signal by IMS.
Energy Charge and Redox State Distribution Changes Due to Xenobiotics. To explore the response of the cellular energy state distribution to a metabolic modulator, the response of hepatocytes (HepG2/C3A cells) to rotenone treatment was studied using capillary microsampling ESI-IMS-MS. Rotenone, a widely used insecticide, induces cellular apoptosis by binding to complex I in the mitochondria, blocking electron transfer to ubiquinone, and eventually inhibiting the production of ATP and leading to the Measurements of ATP standards by ESI-IMS-MS showed that 32% of ATP decomposed to form ADP ions due to in-source fragmentation. 40 This factor was used to correct the relative abundances of ADP and ATP ions. The AEC distribution from n = 20 untreated cells shows a mean value of 0.82 ± 0.11, and the measured values exhibit a statistical range of 0.40 (see Figure S4 ). The mean values of AEC distributions are related to a physiological state, whereas their ranges are linked to metabolic noise.
After exposing the cells to 1.0 μM rotenone for 5 h, a significant shift in the AEC distribution was observed. Figure  4A shows that the mean value of AEC levels dramatically drops from 0.82 ± 0.12 for the cells used as control (0.1% DMSO, black bars, n = 24 cells) to 0.16 ± 0.12 for the rotenone treated population (gray bars, n = 24 cells) (p < 6.5 × 10 −24 for the unpaired sample t test). However, the ranges of the AEC levels in the control and treated cell groups, 0.40 and 0.47, respectively, remained essentially unchanged. This means that the inherent metabolic noise of the cellular energy states is not altered by the rotenone treatment. The corresponding single cell mass spectra for untreated, control, and treated cells are shown in Figure S5A −C, respectively. Compared to the cells used as control, in the rotenone treated cells, the ATP levels were significantly reduced, GTP was not detected, and the levels of AMP and GMP were considerably elevated. This indicated that rotenone treatment induced the depletion of ATP and GTP and the accumulation of AMP and GMP.
The relative ion abundance distributions of two nucleotide sugars, UDP-hexose (m/z 565.050, CCS = 207.2 Å 2 ) and UDP-N-acetylhexosamine (UDP-HexNAc) (m/z 606.068, CCS = 222.1 Å 2 ), were also studied for rotenone treated and control cells. The black bars in Figure 4B show a narrow distribution for [UDP-HexNAc]/[UDP-hexose] ratios from n = 24 control cells (0.1% DMSO vehicle for 5 h) with a median value of 1.27 and a range of 2.1. Exposing the cells to 1 μM rotenone for t = 5 h (gray bars, n = 24 cells) increased the median value to 2.14 and the range to 8.1 indicating a much wider distribution. To better characterize the skewed distribution of the [UDPHexNAc]/[UDP-hexose] ratios in rotenone treated cells, the median value was used instead of the mean. The unpaired sample t test showed significant differences between the two groups (p < 4.7 × 10 −4 ). Recent studies showed that the enzyme UDP-glucose pyrophosphorylase (UDP-Glc PPase) for the biosynthesis of UDP-Glc was inhibited by oxidative stress resulting in the reduction of UDP-Glc levels. However, the activity of UDP Nacetylglucosamine pyrophosphorylase (UDP-GlcNAc PPase) for UDP-GlcNAc biosynthesis was less sensitive to oxidative stress conditions. 41 Thus, the detected increased [UDPHexNAc]/[UDP-hexose] ratios were consistent with the reduction of UDP-hexose production by the elevated ROS −4 for unpaired sample t test). To accurately assess the contributions of metabolic noise and technical variability, the latter was separately determined by measuring ion intensity ratios for a mixture of GSH and GSSG standards (bars with a pattern in Figure 4D Figure 4B ,C, respectively) show long tails, whereas the AEC and the [GSH]/[GSSG] distributions are unskewed. Consequently, the former are best described by their medians, whereas the latter are well characterized by their mean values. Indeed, the mean of the single cell distribution and the large population value for AEC were very close to each other and they both responded with significant drops after rotenone treatment (Table S5) . Likewise, the mean and the large population value for [GSH]/[GSSG] differed by only ∼13%, and upon oxidative stress, they drop factors of 1.7 and 1.6, respectively. For the [UDP-HexNAc]/[UDP-hexose] ratios, the median values of single cell distributions were close to the large population results, and both showed increases in rotenone treatment and oxidative stress (see Table S5 ).
Lipid Turnover Rates at a Single Cell Level. To explore the heterogeneity of renewal rates for PC lipids, major components of the cell membranes, their turnover rates were studied at the single cell level. In a pulse-chase experiment, the cells were exposed to a culture medium containing 40 μM choline-d 9 for 36 h resulting in ∼59% conversion of the PCs to their labeled form (pulse phase). Then, the chase phase was initiated by reversing the medium to its unlabeled form. During this phase, single cell analysis was performed in the negative ion mode at 0, 24, and 48 h time points. Figure 5A shows the time progression of back conversion of the isotope distribution patterns from the d9 labeled form, [PC d9 (16: − species at nominal m/z 766 and DT = 7.22 ms, a drift time of 7.70 ms was selected in the IMS unit (see Figure  5B ). This ensured that the two PC isotopolog intensities at DT = 7.70 ms were free from interference. Identification of the isobaric ions at m/z 766 by TAP fragmentation was described above in Figure 3 .
To determine the PC turnover rates, ion intensity ratios [PC d9 ]/[PC + PC d9 ] from single cells (n = 5) were plotted as a function of time and fitted with a first-order exponential decay curve (see Figure 5C) − species, a turnover rate of 0.038 ± 0.003 h −1 and a half-life of 18.3 ± 1.4 h were obtained. The results from our single cell experiments were consistent with the half-life values of 20 to 24 h obtained for PC lipids in lysates from large cell populations. 42 The determination of molecular turnover rates in small cell groups can be used to identify and distinguish kinetically distinct subpopulations. Results from stable isotope labeling pulse-chase experiments yielded lipid turnover rates at the single cell level.
Introducing IMS helps to increase the signal-to-noise ratio by eliminating the background ions, facilitate metabolite identification, and provide more accurate characterization of the ion abundances. As part of the general assessment of the method, we determined that ∼100 to ∼200 different ions were detected and 22 metabolites and 54 lipids were identified in a single cell. The technical and biological variability of the ion intensities were characterized by comparing cellular measurements with measurements of chemical standards under the same conditions. For example, the glutathione to oxidized glutathione ratio measured in a standard solution resulted in small variations characterized by ∼16% RSD. In contrast, the cellular measurements showed an RSD of ∼35%, indicating that the technical variance is much smaller than the biological variance.
Metabolic analysis of individual cells helps to identify the presence and gauge the degree of cellular heterogeneity. The techniques introduced in this study can reveal cellular energy and redox state distributions and their changes in response to environmental stimuli or drug treatment. Determining turnover rates for small subpopulations, selected by, e.g., flow cytometry, can highlight phenotypic differences in cell dynamics. The ability to measure metabolic noise for multiple chemical species in a cell can illuminate the role of the corresponding species in the metabolic network. Future combination of capillary microsampling with the fluorescence labeling of organelles will enable the assessment of metabolic heterogeneity on the subcellular level. Table S1 . CCS values for singly charged protonated and deprotonated polyalanine oligomers. Table S1 . CCS for singly charged polyalanine oligomers with residue numbers ranging from n = 3 to n = 13 in nitrogen drift gas. 
